Dependence of the ambulatory arterial stiffness index (AASI) on data scattering interferes with its potential clinical relevance. We assessed the correlates and all-cause mortality associations of a modified AASI (s-AASI). AASI was derived from the 24-h diastolic vs systolic blood pressure linear regression line, whereas s-AASI was derived by symmetric regression (bisecting the line of diastolic vs systolic and systolic vs diastolic). Of 2918 patients 55% were women; age was 56 ± 16 years and body mass index was 27.3 ± 4.5 kg/m 2 . Average 24-h ambulatory blood pressure was 138±16/78±10 mm Hg.
Introduction
The linear relationship between systolic and diastolic blood pressure (BP) has been shown to reflect arterial properties.
1,2 A measure of this linear relationship, derived from ambulatory BP monitoring (ABPM), the Ambulatory Arterial Stiffness Index (AASI), 3 was recently shown to be associated with the metabolic syndrome, 4 with early signs of renal damage 5 and with other target organ damage 6 in patients with hypertension. In addition, AASI predicted prognosis, including cardiovascular and stroke mortality, 7, 8 as well as stroke (but not cardiovascular events). 9 However, AASI is dependent on the ambulatory monitoring technique 10 as well as on the magnitude of sleep-related BP dipping. 2, 11 Its definition implicitly involves the correlation coefficient between systolic BP and diastolic BP data, that is, its value depends on the data scattering. 2 These issues, as well as conceptual concerns regarding the physiological interpretation of AASI, [12] [13] [14] cast doubt on its genuineness and prognostic validity, 1, 8, 15 generating a lively debate. 10, 12, 13, [16] [17] [18] [19] [20] [21] In this study, we aimed to compare the associations and prognostic implications of AASI with those of a modified AASI, 2 s-AASI. We hypothesized that the modification would yield a parameter with different clinical correlates and, more importantly, with enhanced prognostic capabilities. We show that s-AASI, but not AASI predicts all-cause mortality independently of pulse pressure in a large cohort of patients referred for ambulatory monitoring of BP.
Methods

Study population
Data were extracted from our entire ABPM service database from 1991 to 2005, which included 2918 eligible patients for whom AASIs could be determined from existing raw monitoring data files (other, mainly earlier monitored patients had their raw data stored in files that were not assessable at this stage). Excluded were patients less than 16 years old, pregnant women and subjects with poor quality ABPM recordings (less than 50 valid measurements). Subjects with repeat monitoring(s) were included only once in the analyses, using data from the initial monitoring session. Patients had been referred for standard clinical indications at the discretion of the referring physician (mainly primary care practitioners who have been shown elsewhere to use ABPM for appropriate indications 22 ). The authors were not involved in the clinical care of these patients. Baseline data collected included demographic characteristics (age and sex), height and weight from which body mass index was calculated and treatment for hypertension and diabetes. The outcome examined in this study was all-cause mortality, which was obtained by linkage (dated 28 November 2005) with the national population register by way of the individual national ID number. We do not have information regarding the causes of death.
Ambulatory BP monitoring and definitions Twenty-four hour ABPM was executed with Spacelabs 90207 (Redmond, WA, USA), as previously described. 23 Before 1999, we used Accutracker II (Suntech, Raleigh, NC, USA). 24, 25 The monitor was mounted on the non-dominant arm between 0800 and 1000 hours, and removed 24 h later. Recordings were made every 20 min between 0600 hours and midnight, and every 30 min between midnight and 0600 hours. A mercury sphygmomanometer was initially attached to the monitor through a Y-connector to verify the agreement between the two modes of measurement (within a range of 5 mm Hg). Cuff size was selected according to the measured arm circumference: up to 24 cm paediatric cuff, 24-32 cm standard adult cuff and over 32 cm large adult cuff. The average of two to three initial sphygmomanometer measurements taken by a trained technician, after the subject had been seated for 5 min, was considered the patient's clinic BP. 26, 27 Sleep, including daytime naps (reported in 31% of patients), was logged in a diary. Sleep-related BP dipping refers to the relative reduction in BP from wakefulness levels to sleep levels, according to the logs. Figure 1 shows the 24-h ambulatory BP measurements of a single patient, plotted systolic (Y axis) vs diastolic (X axis). Slope (S/D) is the slope (b-coefficient) obtained by the standard linear regression of this plot, and slope (D/S) is the slope obtained by the same method when diastolic BP is plotted vs systolic BP (X vs Y plot). The 'original' AASI is defined as (1-slope (D/S) ). However, when viewed in the Y vs X plot, this regression line has the slope of 1/slope (D/S) , which is generally different from slope (S/D) , as illustrated in Figure 1 , and equals only when R (the systolic vs diastolic BP correlation coefficient) equals 1.
AASIs
2 A symmetric form of linear regression, the bisector method, 28 is used to define s-AASI. 2 ] . The symmetric regression line is the bisector of the angle between these lines, and its slope-named hereafter 's-Slope'-is given by tan(j S ), where
. This yields a measure with the same 'orientation' as the original AASI, with lower values implying healthier arteries (s-Slope also has a similar direction). AASI can be shown to be expressed with very good approximation by 1ÀR/(s-Slope). 2 The statistical advantage of s-AASI over AASI is that it eliminates the artefactual dependence of AASI on data scattering (expressed by the correlation coefficient R).
2 Note that R is, by definition, the same for all lines. 28 
Statistical analyses
The distributions of AASI and s-AASI (the ambulatory arterial indices) were somewhat skewed: AASI was 0.21 ± 0.05 and s-AASI was À0.21 ± 0.05. Kurtosis was 0.27 ± 0.09 for AASI and 0.12 ± 0.09 for s-AASI. Owing to the mildly asymmetric distribution, logistic and ordinal statistical models were used to verify the results of linear models (data not shown).
Determinants of the ambulatory arterial indices were assessed by multivariable linear regression models, including demographic parameters (age, sex, daytime napping, body mass index, medical treatment for hypertension and diabetes) and monitoring parameters (24-h systolic BP, systolic BP dip and BP variability (s.d. of awake BP)).
The Pearson's correlation coefficient (R) between 24-h systolic and diastolic BP was computed. Outcome analyses included all patients with positively related 24-h systolic and diastolic BP (R40). Hazard ratios (HR) for all-cause death were calculated by Cox regression models. Covariate adjustment was undertaken as described in the Results section. Age was introduced as an exponential term, which yielded a more robust association with mortality than age. Data are expressed as mean±s.d. or HR (95% CI), unless otherwise specified. Additional analyses were conducted with pulse pressure and arterial indices introduced as ordinal variables (tertiles of 24-h pulse pressure and AASI parameters partitioned at the median value). Two-sided nominal Po0.05 was considered significant. Analyses were undertaken using SPSS 13.0 (SPSS Inc., Chicago, IL, USA).
Results
Our database includes 2918 patients (55% women) for whom ambulatory arterial indices could be calculated. Age (mean±s.d.) was 56±16 years; body mass index was 27.3 ± 4.5 kg/m 2 and 59% were medically treated for hypertension and 9% for diabetes mellitus. Clinic BP was 148±22/ 84 ± 13 mm Hg; 24-h BP was 138 ± 16/78 ± 10 mm Hg. Length of follow-up was 7.0 ± 3.6 years.
Median AASI was 0.48 (interquartile range 0.38-0.59), whereas median s-AASI was 0.24 (0.14-0.34) and s-Slope was 1.32 (1.16-1.53). Determinants of the ambulatory arterial indices, evaluated by multivariable-adjusted correlation coefficients, are summarized in Table 1 . Compared with AASI, s-AASI had a stronger correlation with age and weaker correlation with 24-h systolic BP. The association of AASI with sleep-related dipping was negative (as previously reported), whereas s-AASI positively correlated with the dip. Both measures were strongly linked to the variability of systolic BP. s-AASI-but not AASI-was weakly related to gender (higher in men) and antihypertensive treatment status (higher in treated patients). Both AASI and s-AASI were mildly increased in subjects treated for diabetes. AASI-but not s-AASI-was lower among patients who had an afternoon nap (Po0.01 for all reported associations, Table 1 ). The associations of s-Slope resembled those of s-AASI.
Mortality rate was 10.5 per 1000 patient years (215 deaths from all causes). In Cox models adjusted for demographic covariates and 24-h systolic BP, HRs associated with AASI and s-AASI were significant and similar (Table 2) . Further adjustment for 24-h pulse pressure and/or systolic BP dipping magnitude revealed somewhat more durable prediction by s-AASI (and s-Slope), when compared with AASI. For example, introducing both 24-h pulse pressure and systolic BP to the models yielded HRs of 1.14 (95% CI: 0.95-1.37) and 1.17 (95% CI: 1.01-1.37) per 1 s.d. increase in AASI (P ¼ 0.15) and s-AASI (P ¼ 0.04), respectively ( Table 2) .
Because pulse pressure is both associated with arterial stiffness and widely accepted as a risk factor for mortality, we next examined whether ambulatory arterial indices predict mortality throughout the range of pulse pressure levels. In Cox models for allcause mortality, there was a significant interaction between AASI-but not s-AASI-and pulse pressure tertiles (P ¼ 0.005 and P ¼ 0.65, respectively), reflecting the lack of association between AASI and mortality at intermediate pulse pressure levels. The population was thus separated into six groups according to pulse pressure tertiles and AASI value (above or below the median). HRs were found to increase at s-AASI above the median value throughout pulse pressure tertiles, whereas AASI did not associate with increased mortality among patients with intermediate pulse pressure levels ( Figure 2 ). Predicting mortality with symmetric AASI IZ Ben-Dov et al
Discussion
In this study, we calculated AASI using a modification that generates more conceptually accurate linear regression slopes. The modified index, s-AASI, is characterized by a much steeper age association than AASI, a very low correlation with systolic BP, a positive association with BP dipping (as opposed to the marked negative correlation of dipping and AASI 2, 11 ), as well as other qualitative distinctions, including an association with a treated hypertension status (which may denote more advanced vascular disease) and lack of association with daytime napping. A fundamental feature of AASI, which discriminates it from the modified AASI (s-AASI), is its artefactual dependence on R (the correlation coefficient of the systolic-diastolic BP curve). 2, 11 In fact, it is the dependence on R that confers the strong negative correlation of BP dipping (and daytime napping) with the original AASI. These features imply that the suggested modification, namely defining AASI by a symmetric-as opposed to standard linear regression proceduregenerates a modified parameter, which should be further evaluated for physiological and prognostic associations.
Previous reports of the cardiovascular associations and prognosis of elevated AASI had equivocal findings. In the first outcome study reported, AASI was a prognostic marker for cardiovascular mortality. 7 When adjusted for pulse pressure, however, AASI was still predictive of stroke mortality but not of cardiac events. Indeed, it was shown previously in hypertensive patients that whereas mean arterial pressure predicts stroke, pulse pressure is a significant predictor of cardiac events. 29 Leoncini et al. 4 found a link between AASI and the presence of the metabolic syndrome in non-diabetic hypertensive subjects. This link persisted after adjustment for age and 24-h BP. Adjustment for pulse pressure was not reported. In another study, Leoncini et al. 6 found a modest association between AASI and target organ damage in various multivariate models. Pulse pressure was not introduced to these models, however. Schillaci et al. 11 reported that AASI did not associate with the left ventricular mass after adjustment for covariates, including BP dipping. Ratto et al. 5 found that increased AASI is independently associated with early signs of renal damage in patients with hypertension (in models including ambulatory BP and pulse pressure but not with BP dipping). Palmas et al. 15 assessed the value of AASI and 24-h pulse pressure to predict progression of albuminuria in elderly diabetic patients. After mutual adjustment, 24-h pulse pressure-but not AASI-was an independent predictor of progression. In a Danish population, Hansen et al. 9 found that AASI predicted stroke but not coronary heart disease or cardiovascular events. Stroke prediction withstood adjustment for confounders, including pulse pressure. A distinctive link with stroke was Both models also included age, sex, systolic BP dipping (%) and treatment for hypertension and diabetes. The overall P-value was o0.05 in both models. HR, hazard ratio; IQR, interquartile range.
found in Ohasama, Japan, where Kikuya et al. 8 described a U-shaped association between AASI and stroke deaths and cardiovascular deaths. The risk in the first and fourth quartiles of AASI was significantly elevated, even after adjustment for pulse pressure. Thus, mortality associations of AASI were quadratic rather than linear, which casts doubt on its interpretation as a proxy of arterial stiffness. In a summary of previous reports, patients with high AASI appear to have target organ damage and are at increased risk for cardiovascular events, in particular fatal stroke. The independence of AASI as a prognostic factor remains doubtful, however, in the light of its association with established predictors such as pulse pressure and dipping. In our study, AASI and s-AASI similarly predicted the outcome measure, all-cause mortality. The association with mortality was independent of 24-h systolic BP for both indices. However, the predictive ability of s-AASI slightly exceeded that of AASI after multivariable adjustment that included pulse pressure. The limitations of our study include the lack of physiologic correlates for s-AASI, namely a direct measurement of arterial stiffness. However, the expectation that AASI (or s-AASI for this matter) can provide a measure of arterial stiffness is under debate. [11] [12] [13] 30, 31 A recent study excluded an independent association between AASI and pulse wave velocity or the augmentation index.
14 It is more likely a proxy of arterial stiffening, that is, the increase in arterial stiffness during systole. 2 Further physiological characterization of AASI is certainly required. Another drawback is the referred nature of our population; referral can create unpredictable biases. Nonetheless, in search of valuable information that can be retrieved from ABPM performed for various indications, this is the most clinically relevant population. Additionally, Cox models did not adjust for some missing baseline information, such as cardiovascular history, hyperlipidaemia and smoking. Finally, specific cardiac and vascular end points were not available in this study, and all-cause mortality served as the outcome measure. Thus, a prognostic advantage of either AASI parameter for a specific outcome (for example, stroke) may have been missed.
In conclusion, ABPM yields prognostic information beyond the average BP levels. It has been recently referred to as 'a trove of hidden gems'. 32 Such 'gems' include identification of non-dipping 33, 34 and nocturnal hypertension, 33, 35 the morning surge, 33, 36 exposing white-coat hypertension, 33, 37 uncovering masked hypertension 33 and identifying the prognostic importance of ambulatory heart rate 38, 39 AASI is the most recent candidate for this list. Its predictive ability has been inconsistent and its implications somewhat vague. We propose for further assessment that s-AASI, as a simple modification, is less affected by important covariates and that it may provide more robust prognostic information.
